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NONINVASIVE NEUROSTIMULATION OF 
SENSORIMOTOR ADAPTATION IN SPEECH PRODUCTION 
LAURA HAENCHEN 
ABSTRACT 
Repeated exposure to disparity between the motor plan and auditory feedback 
during speech production results in a proportionate change in the motor system’s 
response known as auditory-motor adaptation. Artificially raising F1 in auditory feedback 
during speech production results in a concomitant decrease in F1. Transcranial direct 
current stimulation (tDCS) can be used to alter neuronal excitability in focal areas of the 
brain. The present experiment explored the effect of noninvasive brain stimulation 
applied to the speech premotor cortex on the timing and magnitude of adaptation 
responses to artificially raised F1 in auditory feedback. Participants (N=16) completed a 
speaking task in which they read target words aloud. Participants' speech was processed 
to raise F1 by 30% and played back to them over headphones in real time. A within-
subjects design compared acoustics of participants’ speech while receiving anodal 
(active) tDCS stimulation versus sham (control) stimulation. Participants' speech showed 
an increasing magnitude of adaptation of F1 over time during anodal stimulation 
compared to sham. These results indicate that tDCS can affect behavioral response during 
auditory-motor adaptation, which may have translational implications for sensorimotor 
training in speech disorders. 
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INTRODUCTION 
SENSORIMOTOR ADAPTATION 
During any voluntary motor activity, sensory feedback is continuously compared 
to neural representations of expected feedback based on motor plans to allow for 
correction of errors and creation of new motor plans (Purcell & Munhall, 2006; 
Behroozmand et al., 2015; Guenther et al., 2006, Ventura, Nagarajan, & Houde, 2009). 
During speech, auditory and somatosensory feedback are monitored, and unexpected 
changes are perceived as errors and corrected by the motor system. The Directions into 
Velocities of Articulators (DIVA) Model of Speech Motor Control describes this process 
in detail and identifies neuroanatomical correlates (Guenther et al., 2006; Tourville & 
Guenther, 2011). The DIVA model contains feedforward and feedback control systems. 
The feedforward control system creates commands for sequences of speech sounds in the 
speech sound map, located in left ventral premotor cortex. These commands are sent to 
the articulator map in ventral motor cortex, which produces a corresponding motor 
command. The speech sound map also sends the sequence to the feedback control system 
as a somatosensory target and an auditory target. As speech is produced, incoming 
auditory feedback is compared to these targets by the auditory and somatosensory error 
maps. If an error is perceived, new commands are sent to the articulator map to correct 
the error. 
This model is supported by neuroimaging evidence from 
magnetoencephalography (MEG) (Curio et al., 2000; Houde et al., 2002; Gunji, 
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Hoshiyama, & Kakigi, 2001), which has demonstrated speaking-induced suppression, an 
auditory suppression effect in which auditory information is filtered out during speech 
production to make our own feedback less prominent in comparison to auditory signals 
from other sources. These studies examined the M100 response, the peak in the magnetic 
response of the cortex which is seen 100ms after a listener hears an auditory stimulus, 
and found that the magnitude of this response was reduced when participants listened to 
their own speech while speaking compared to when they listened to recorded speech, 
even their own, without speaking. Speech-induced suppression is facilitated by efferent 
copies of intended motor actions (Ventura, Nagarajan, & Houde, 2009). If the efferent 
copy and the incoming sensory feedback are closely matched, the response in the 
auditory cortex is reduced, leading to a suppression in the perception of auditory 
feedback.  
Just as similarity between the efferent copy and sensory information reduces 
activation in auditory cortex, disparity between these two signals increases the perception 
of auditory feedback by reducing speech-induced suppression. When errors occur 
naturally in typical speech, this effect allows speakers to correct these errors quickly. 
Speech-induced suppression is also reduced during rapid or complex speech, as 
demonstrated by a MEG study (Ventura, Nagarajan, & Houde, 2009), in which a 
dampened M100 response was observed while participants listened to their own speech 
during a simple speaking task compared to a complex speaking task. Reduction in 
speech-induced suppression occurs in other conditions of demanding speech as well, such 
as speaking a foreign language or stuttering (Behroozmand et al., 2015). Reducing 
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speech-induced suppression and thereby increasing feedback perception during more 
demanding speech is a helpful phenomenon, as this allows us to better attend to errors, 
which are more likely to occur in these conditions. 
Perturbing auditory feedback artificially can produce changes in a speaker’s 
behavior. These changes are proportional to the amount of perturbation applied to the 
feedback. Specifically, this effect has been found for perturbation of auditory feedback in 
terms of raised pitch (Behroozmand et al., 2015; Chen et al., 2014), and raised or lowered 
F1 (Lametti et al., 2014; Purcell & Munhall, 2006). The study by Purcell and Munhall 
(2006) examined both the adaptation effect and the recovery period after perturbation 
ended. Participants read individual words aloud, and their auditory feedback was 
manipulated in real time by shifting the first formant (F1) up or down. In response, 
participants corrected for perceived errors in production by moving the first formant in 
the opposite direction. Then, participants again heard unaltered feedback, and their rate of 
return to baseline production was measured. Participants did not immediately recover 
from perturbation, but rather showed an exponential reduction in adaptation. This effect 
was consistent regardless of the direction of the perturbation (increase or decrease in F1) 
or the number of trials that were perturbed (Purcell & Munhall, 2006). 
Somatosensory feedback can also be perturbed to elicit behavioral changes in 
speech (Nasir & Ostry, 2009; Lametti, Nasir, & Ostry, 2012). A robotic device was used 
to change the position of the jaw during speech, altering somatosensory feedback without 
perturbing auditory feedback. All participants adapted over time to compensate for the 
perceived differences in their speech production, with some showing clear preferences for 
 
 
 
4 
either auditory or somatosensory information by compensating more in one modality than 
in the other (Lametti, Nasir, & Ostry, 2012). This demonstrates, in line with the DIVA 
model (Tourville & Guenther, 2011), that both auditory and somatosensory feedback are 
involved in sensorimotor adaptation. 
Adaptation to perturbed auditory feedback has also been studied among speech 
disordered populations. Specifically, stuttering has become a recent topic of interest as it 
is thought to be associated with disordered responses to auditory feedback (Soderberg, 
1968; Cai et al., 2012). This hypothesis is supported by evidence that certain 
manipulations of auditory feedback can temporarily reduce disfluencies among people 
who stutter, including masking auditory feedback with noise (Kalinowski et al., 1993, 
Stager et al., 1997), delaying auditory feedback (Soderberg, 1968; Stager et al., 1997), 
and shifting the frequency of auditory feedback (Kalinowski et al., 1993; Stuart et al., 
1996). 
It has been hypothesized that people who stutter experience deficits in their ability 
to adapt speech motor commands using auditory feedback (Cai et al., 2012). In a study by 
Cai et al. (2012) people who stutter and fluent controls read words aloud as their 
feedback was manipulated in real time to elicit an adaptation response. The people who 
stutter adapted to perturbations in F1 at the same rate as fluent speakers, but the 
magnitude of their adaptation was found to be significantly smaller. As explained by Cai 
et al. (2012), these results suggest that stuttering is associated with abnormalities in the 
auditory-to-motor inverse model of the DIVA model (Tourville & Guenther, 2011), 
which uses errors detected in auditory feedback to create new motor plans. 
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TRANSCRANIAL DIRECT CURRENT STIMULATION 
High-definition transcranial direct current stimulation (HD-tDCS) is a kind of 
non-invasive brain stimulation which delivers a low electrical current to focal brain 
regions using electrodes in contact with the scalp (Datta et al., 2009). Stimulation has 
been associated with long-lasting behavioral effects, including facilitation of motor 
learning and enhancement of cognitive function, which are polarity dependent, such that 
anodal stimulation tends to increase neuronal excitability in underlying cortex, whereas 
cathodal stimulation tends to decrease excitability (Holland et al., 2011; Clark & 
Parasuraman, 2014; Floel, 2014). Although the mechanisms by which these changes 
occur are not well understood, it has been hypothesized that the electrical current causes 
the resting membrane potential of cortical neurons to either depolarize or hyperpolarize, 
resulting in long-lasting facilitation of neuronal activity (see review by Dayan et al., 
2013). 
Non-invasive brain stimulation has been increasingly studied in the context of 
rehabilitation of individuals with aphasia secondary to stroke, as outlined by Monti et al. 
(2013). En masse, this research provides evidence for the use of tDCS in improving the 
language functions of aphasic individuals. Within this population, anodal and cathodal 
tDCS delivered to various language areas of the brain have been linked to multiple 
benefits, including improved speech fluency (Vines et al., 2011), increased accuracy in 
repetition (Marangolo et al., 2011), faster response time in picture naming (Fridricksson 
et al., 2011), increased accuracy in picture naming (Monti et al., 2008; Baker et al., 2010; 
Kang et al., 2011; Fiori et al., 2011; Floel et al., 2011), improved auditory comprehension 
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(You et al., 2011), and improved scores on standardized aphasia tests (Hesse et al., 2007; 
Jung et al., 2011). Healthy subjects receiving tDCS have also shown enhanced speech 
and language skills, including increased speech fluency (Iyer et al., 2005; Cattaneo et al., 
2011), faster response time in picture naming (Fertonani et al., 2010; Sparing et al., 
2008), increased accuracy in picture naming (Holland et al., 2011; Ross et al., 2010), and 
improved accuracy in grammatical decision (De Vries et al., 2010). In studies which 
included follow-up measures, the effects of tDCS are shown to persist between one week 
and two months after the initial treatment for individuals with aphasia (Baker et al., 2010; 
Marangolo et al., 2011; Kang et al., 2011; Fiori et al., 2011). However, this effect was not 
found for healthy subjects (Sparing et al., 2008), suggesting that tDCS may be more 
effective at facilitating rehabilitation of damaged areas than improving processing of 
intact areas. 
tDCS has also been shown to facilitate other language processes. Sehm et al. 
(2013) found that perceptual learning of degraded speech discrimination was improved 
through use of anodal tDCS during training, and Elmer et al. (2009) found that 
application of cathodal tDCS resulted in poorer performance on both short-term word 
learning and long-term retrieval of learned words. However, to date there has been no 
investigation of the role of tDCS in speech motor learning. 
PRESENT EXPERIMENT 
The present experiment explored how tDCS delivered to left ventral premotor 
cortex could facilitate the adaptation effect in response to F1 perturbations during 
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continuous speech feedback. Participants heard auditory feedback while reading words 
aloud. Auditory feedback was manipulated across three phases: First, the feedback was 
unaltered to establish baseline production. Then, auditory feedback was perturbed by 
raising the first formant, producing an adaptation effect in which participants lowered F1 
to compensate for the difference they heard. Finally, the unaltered feedback condition 
was repeated to show how participants would recover or not recover from the 
perturbation. All three phases of this task were completed under three conditions. First, 
participants completed the task without tDCS. In the following two sessions, participants 
completed the task again while receiving either anodal tDCS or sham tDCS. This 
investigated what effect, if any, tDCS would have on adaptation in a within-subjects 
design. We hypothesized that by exciting specific language areas of the brain through 
stimulation via anodal tDCS, we would increase the magnitude of the adaptation effect in 
response to altered feedback. Left ventral premotor/motor cortex was selected as the 
target of tDCS because, according to the DIVA model, this is the location of the synapses 
connecting the speech sound map, which is responsible for planning sequences of sounds, 
and the articulator map, which integrates feedback commands with feedforward 
commands to correct errors (Tourville & Guenther, 2011). Therefore, it is hypothesized 
that stimulating these areas will facilitate synthesis of feedback signals into new motor 
commands, resulting in greater adaptation to perturbation under anodal stimulation 
compared to sham. 
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METHODS 
PARTICIPANTS 
N = 37  right-handed, native speakers of American English between the ages of 
18 and 29 years and with no known or suspected history of speech, language, or hearing 
deficits participated in this experiment. Participants completed an initial session of the 
experiment without tDCS, and were excluded from future sessions if they did not 
demonstrate an adaptation effect in response to feedback perturbation of at least 5% 
adaptation in the second half of the “stay” phase during their screening session (see 
Figure 1). Sixteen of the recruited participants showed an effect of adaptation in response 
to F1 perturbation, and 21 participants did not (see individual subject plots in the 
appendix). Participants were recruited through flyers in Boston University buildings as 
well as by contacting participants from previous studies done by the Communication 
Neuroscience Research Lab. 
 
Figure 1: adaptation to perturbation during screening 
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STIMULI 
The words bed, dead, and head were used as stimuli, presented to participants in a 
randomized order. For the 60 trials that involved perturbation, the first formant of the 
vowel was shifted up by 30% using the Audapter software (Cai et al., 2008; Tourville, 
Cai, & Guenther, 2013). Participants’ speech during the experiment was recorded by the 
Audapter software via a Shure MX153 earset microphone through Behringer Ultragain 
Pro MIC2200 tube microphone preamplifier and Roland Quad Capture USB audio 
interface sampling at 44.1 kHz with 16 bit digitization. 
DESIGN AND PROCEDURES 
Participants signed consent forms and completed questionnaires concerning their 
language background. The participant entered the sound booth and sat facing a computer 
monitor. The participant placed the earset microphone over their right ear and adjusted it 
so that the microphone was approximately two inches away from their mouth. The 
experimenter then inserted Etymotic ER-3 in-ear earphones into the participant’s ears and 
ensured that they were worn correctly and securely. Insert earphones assisted in 
attenuating participants' perception of their own voice from the sound field, as well as 
helping to better control the precise timing of auditory stimulation (feedback). The 
experimenter exited the sound booth and controlled and monitored the experiment from 
outside. 
Participants completed a speaking task in which the three stimulus words 
appeared on the screen in a pseudo-randomized order, and the participants were 
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instructed to speak them slowly and clearly, as if they were speaking to someone who had 
trouble understanding them. During fifteen practice trials, written prompts on the screen 
instructed the participants to adjust their volume and/or rate of speech based on real-time 
computer analysis of their speech to ensure it fell within the acceptable limits of these 
parameters (72 to 88 dBA SPL and 400–600ms). These practice trials were repeated until 
the participant’s production was within acceptable limits of volume and rate. During the 
experimental phase, consisting of 180 trials, visual feedback continued to be provided for 
each trial, but trials were not repeated. 
The experiment was controlled using the Audapter software implemented in 
MatLab (version R2014b). During the practice trials and the first block of 57 
experimental trials, participants heard their own, unaltered voice through the headphones. 
For 3 ramp trials, participants heard as feedback a real-time resynthesized version of their 
speech in which the first formant of the vowel was shifted up gradually increasing 
linearly from 0% to 30% of its original value. For the following 60 experimental trials, 
perturbation of F1 remained shifted up by 30%. For the final 60 trials, participants again 
heard unaltered feedback through the headphones. There was no off-ramp between the 
experimental perturbation trials and the final 60 unperturbed trials, allowing 
measurement of the rate of un-learning. 
This experiment took place across three sessions. In the first session, participants 
completed the speaking task without tDCS. Data collected during this session were only 
used to determine eligibility for continued participation in the study. In the second 
session, participants were randomly assigned to receive either real or sham tDCS 
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stimulation, and in the third session, they received the other treatment (see Figure 2). All 
sessions were conducted at least 7 days apart in order to reduce possible long-term effects 
of the perturbation. 
 
Figure 2: task design showing (A) the sequence of conditions, (B) the feedback in each phase and 
(C) the setup of the experiment 
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TRANSCRANIAL DIRECT CURRENT STIMULATION 
For the two tDCS sessions, the experimenter followed the setup protocol provided 
in the Soterix tDCS manual. The tDCS cap was fitted onto the participant’s head, and 
experimenters ensured that the cap was centered by centering the reference cross on the 
cap (electrode location Cz) between the participant’s ears (left and right preauricular 
points) coronally and between the eyebrows (nasion) and external occipital protuberance 
(inion) sagittally. Six electrode reservoirs were placed at designated locations on the cap, 
arranged to target left ventral premotor and motor cortex (anodes: FC5, C5; cathodes: 
AF7, FC1, C1, P5; see Figure 3), where the DIVA model places the synapses between the 
speech sound map and the articulator map (Tourville & Guenther, 2011). At these 
locations, the scalp was cleaned with alcohol and Nuprep skin prep gel. Signa electrode 
gel was inserted into the reservoirs, and electrodes were placed into the gel. Additional 
gel was applied to completely cover each electrode. The tDCS equipment was set to run 
for 20 minutes at 2 mA. Before stimulation, the resistance of each channel was confirmed 
to be less than 10Ω. 
Figure 3: HD-tDCS location and current flow maps 
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STATISTICAL ANALYSIS 
 This experiment had a within-subjects design in which participants’ behavioral 
responses (speech acoustics) while receiving anodal tDCS were compared to their own 
responses during sham stimulation. Participants were excluded from analysis if their 
response to perturbation during the initial (non-tDCS) session did not meet adaptation 
requirements of 5% adaptation during the second half of perturbation, or if they did not 
return to complete all three sessions, including those who declined to undergo tDCS or 
who did not qualify for tDCS due to medical concerns such as a personal or family 
history of seizures. 
An automated program collected mean frequencies of the F1 and F2 of all vowel 
productions. Vowels were isolated by analyzing over 60% of the word’s duration, 
beginning 10% after the onset of voicing. To control for errors in production and 
automated formant tracking errors, spectrograms of all trials were visually inspected 
using the Praat software (Boersma, 2001), and F1 and F2 were measured manually and 
compared to the program’s measured values. 
For each session, F1 values exceeding the mean of the F1 values in their 
respective phase (pre-adapt, adapt, return) by 2.5 standard deviations were rejected as 
outliers and excluded from the analysis (resulting in less than 5% of total trials excluded; 
a repeated-measures ANOVA revealed no effect of phase, condition, or their interaction 
on the number of excluded trials [all p > 0.4]).. Measured F1 values on each trial of a 
session were normalized by scaling them to the mean of the F1 values in that session's 
pre-adapt phase. The magnitude of participants' normalized F1 values from the Adapt 
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phases of the stimulation and sham sessions were analyzed in a pair of linear mixed 
effects models. The first model tested whether there was an overall difference in 
adaptation magnitude between the anodal and sham conditions by including the fixed 
factor of Condition (anodal vs. sham) and random intercepts by participant and word. The 
second model tested whether the change in the magnitude of adaptation over time 
differed between the two conditions by including the fixed factors of Condition (anodal 
vs. sham) and Trial Number, and random intercepts by participant and word. Models 
were estimated using lmer in the package lme4 in R. Significance of main effects and 
interactions was determined by adopting significance criterion of α = 0.05, with p-values 
in the linear mixed-effects models based on the Satterthwaite approximation of the 
degrees of freedom. 
RESULTS 
Mixed-effects linear models revealed that anodal stimulation resulted in 
significantly greater F1 adaptation magnitude compared to sham during the perturbation 
phase [main effect of Condition: t = -6.53, p ≪ 0.001], and a greater increase in 
adaptation over time [Condition x Trial interaction: t = -2.48, p = 0.013]. There was no 
effect of stimulation on F1 recovery or recovery time [both p ≥ 0.22]. A decreased F1 
baseline was observed across sessions [p ≪ 0.001]. Adaptation was greater during the 
initial screening session compared to the two tDCS sessions [p ≪ 0.001], but for these 
two sessions there was no effect of order on adaptation magnitude [p = 0.634], or 
interaction between condition and order [Condition × Session (2/3) interaction t = 0.304, 
 
 
 
15 
p = 0.766]. There was no effect of stimulation on F2 during perturbation [both p ≥ 0.50], 
but withdrawal of perturbation resulted in instabilities in F2 during sham, but not anodal 
stimulation: [Condition x Trial interaction t = -3.55, p < 0.001]. There was no effect of 
stimulation on coefficient of variation of F1 across phases [Condition x Phase interaction: 
p = 0.807]. All individual subject plots can be found in the appendix. 
DISCUSSION 
 This study demonstrated an increased response to perturbation of auditory 
feedback during anodal tDCS compared to sham. Participants' speech showed greater 
overall magnitude of F1 adaptation during anodal stimulation (see Figure 4). It was also 
found that there was a greater increase in magnitude of F1 adaptation over time during 
the perturbation phase with anodal stimulation compared to sham. This indicates that 
tDCS targeting left ventral premotor/motor cortex can facilitate integration of auditory 
feedback into new motor commands. These results provide additional support for the 
DIVA model, as this area was identified as the location of the speech sound map and the 
articulator map, which is responsible for correcting errors in speech by integrating 
auditory feedback with feedforward speech motor plans (Tourville & Guenther, 2011). 
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Figure 4: F1 adaptation to perturbation during anodal vs. sham tDCS 
In line with the findings of Purcell and Munhall (2006), an exponential 
deadaptation effect after F1 perturbation ended was observed in both conditions, although 
there was no significant effect of anodal tDCS over sham during the recovery phase in 
terms of magnitude or rate of recovery. Although F2 feedback was not perturbed, F2 
production measurements were collected to examine whether tDCS would affect acoustic 
features that were unaltered in feedback. During the perturbation phase, there was no 
effect of anodal or sham stimulation on produced F2 (see Figure 5). During the recovery 
phase, however, F2 was observed to be more stable during anodal stimulation compared 
to sham. 
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Figure 5: F2 adaptation to perturbation during anodal vs. sham tDCS 
This study controlled for possible learning effects across sessions by separating 
sessions by at least one week and randomly assigning the order in which participants 
received each condition. Participants showed greater adaptation during the initial 
screening session compared to the two tDCS sessions. However, there was no significant 
difference in adaptation between the second and third sessions, and there was no 
interaction between the order of the sessions and the assigned condition (anodal 
stimulation or sham). This suggests that the first exposure to perturbation results in the 
strongest adaptation response, and it may influence responses to following exposures to 
perturbation. Additionally, F1 baseline was observed to decreased across sessions, 
indicating that participants maintained a level of adaptation, even after one week or more. 
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The results of this study indicate that tDCS can affect behavioral responses during 
auditory-motor adaptation. This may have translational implications for sensorimotor 
training in speech disorders which involve disordered responses to auditory feedback. 
Given the finding by Cai et al. (2012) that people who stutter have reduced adaptation to 
F1 feedback perturbations, it can be hypothesized that the use of anodal tDCS could 
increase their adaptation response. This would increase activity in the auditory-to-motor 
feedback model (Tourville & Guenther, 2011), which is thought to be the disordered 
process associated with stuttering (Cai et al., 2012). Therefore, future work may explore 
the use of tDCS to influence speech motor control and speech fluency in people who 
stutter. 
Acquired Apraxia of Speech (AOS) is also thought to be caused by disordered use 
and development of speech motor programs (Ballard, Granier & Robin, 2000). As 
explained by Tourville & Guenther (2011) this suggests that rehabilitation of Acquired 
Apraxia of Speech should involve restoration of motor programs using feedback. Results 
from the present experiment suggest that tDCS may also be worth exploring as a 
technique to facilitate this rehabilitation by increasing the functioning of the auditory-to-
motor feedback model, influencing individuals’ responses to errors in auditory feedback 
(Tourville & Guenther, 2011). 
LIMITATIONS 
This study excluded all participants who did not demonstrate an adequate 
adaptation response to F1 perturbation during the screening session. This allowed for 
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examination of the effect of stimulation on adaptation magnitude in individuals who 
already adapt. However, this limited the scope of the study, eliminating the possibility of 
assessing whether tDCS can influence the responses of individuals with weak or absent 
adaptation to auditory feedback perturbation. 
Because tDCS has not yet been studied in the context of speech motor control, 
some factors require further research outside of the scope of this study. The effects of 
cathodal stimulation should be considered in future studies. As cathodal stimulation tends 
to decrease excitability (Floel, 2014), it would be expected to decrease the adaptation 
response during perturbation. Altering the location of tDCS would show whether 
stimulating other areas identified by the DIVA model (Tourville & Guenther, 2011) 
would produce changes in the adaptation response. For example, stimulating primary 
auditory cortex could facilitate activation of the Auditory Error Map (Tourville & 
Guenther, 2011) and affect individuals’ perception of feedback errors. Altering the 
magnitude of stimulation used in this task would demonstrate whether increasing or 
decreasing the amount of stimulation delivered would result in changes to the adaptation 
response. 
Although the influence of the linguistic structure of the stimuli on adaptation has 
been examined (Lametti et al., 2014), this should also be considered in future tDCS 
studies as well, namely the possible effects of real or nonwords given as actual stimuli, 
heard in perturbed feedback, or inadvertently produced in response to altered feedback. A 
limitation of the current study is the potential inaccuracy of the location of stimulation 
due to individual differences in brain structure. Although HD-tDCS equipment is able to 
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target focal areas of the brain (Datta et al., 2009), specific brain regions vary among 
individuals, making it difficult to ensure that the same area is being targeted on each 
participant. 
CONCLUSIONS 
This experiment examined the effects of transcranial direct-current stimulation 
(tDCS) targeting left ventral premotor and motor cortices on sensorimotor adaptation in 
response to first formant perturbations in speech feedback. Participants read target words 
aloud while their auditory feedback was perturbed by raising the first formant, then 
feedback was unaltered during a recovery phase. Perturbing auditory feedback elicited an 
adaptation response in which participants lowered F1. Participants’ responses while 
receiving anodal stimulation were compared to their responses during sham tDCS. 
Participants' speech showed greater overall magnitude and an exponential increase over 
time of F1 adaptation during anodal stimulation. This demonstrates that tDCS can be 
used to facilitate integration of auditory feedback into new motor commands, which 
suggests the possibility of using tDCS for sensorimotor training among populations with 
speech disorders that involve impaired responses to auditory feedback, such as stuttering 
and Acquired Apraxia of Speech. 
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APPENDIX 
Individual subject plots of all conditions 
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Plots of included individual subjects during screening 
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Plots of excluded individual subjects during screening 
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Plots of excluded individual subjects during screening, continued 
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